The acid protease (EC 2.4.23.6) that is produced extracellularly when Aspergillus oryzae is grown on liquid media has been isolated and characterized. The enzyme was purified by precipitation with tannic acid, chromatography on Duolite A-2, and gel filtration on Sephadex G-100. The last step yielded four active components, with varying molecular weights ranging from 42,000 to 60,000. Two of them, designated E1 and Eia, with molecular weights of 60,000 and 55,000, respectively, were heterogeneous on isoelectric focusing, both giving at least three enzyme species with different isoelectric points, whereas the other two, Elb and E2, with molecular weights of 49,000 and 42,000, respectively, were essentially homogeneous. These four enzymes activated bovine pancreatic trypsinogen and had the same pH optima in the acid pH range. They had essentially the same amino acid composition and immunologically cross-reacted with each other. These catalytic, chemical, and immunological properties are similar to those of acid protease A, and A2 from A. oryzae grown on solid bran media.
Multiple molecular forms of acid protease (EC 2.4.23.6) of fungal origin have been suggested by several groups (4, 19, 23, 24) . The presence of two molecular forms ofAspergillus oryzae acid protease was first demonstrated by Nunokawa (19) , who partially purified and characterized the two distinct activities. Recently, acid protease of Polidase-S, a commercial enzyme preparation from A. oryzae, was shown to consist of two closely related molecular forms (4) .
In a previous paper from this laboratory (24) , two acid proteases, A, and A2, were isolated from Takadiastase, a commercial powder preparation produced by growing A. oryzae on solid bran medium. The larger protease, A,, having a molecular weight of 63,000, contains approximately 50% carbohydrate, whereas the smaller one, A2, with a molecular weight of 32,000, is devoid of detectable carbohydrate. In spite of this discrepancy, these two enzymes have a 48 similar amino acid composition and the same catalytic and immunological properties (24) . In addition to glycoproteins in which the carbohydrate protein is covalently linked to the polypeptide chain, principally by either a Nglycosyl or a O-glycosyl linkage, some extracellular hydrolytic enzymes of microbial origin have been shown to contain polysaccharides noncovalently bound to the protein portion, from which they can be separated by several purification procedures (9, 16, 20, 21) . The polysaccharides associated with A. oryzae acid protease were also suggested to be noncovalently linked to the protein (Y. Tsujita and A. Endo, J. Biochem., in press). Concerning the biological function of these polysaccharides associated with extracellular enzymes, it was proposed that they may play a role in protecting a nascent polypeptide chain against proteolytic digestion during its excretion into the extracellular medium (3) .
As an approach to the study ofthe physiological function of the bound polysaccharides during the excretion process of A. oryzae acid protease, we have studied the polysaccharides of the extracellular enzyme produced on liquid culture. In this paper, it is shown that the extracellular acid protease can be separated into at least four molecular species that contain 18.9 to 43.0% carbohydrate of polysaccharide nature and that the bound polysaccharide chains, which show both different molecular weights and different sugar compositions, are apparently responsible for the microheterogeneity of this enzyme. Cultivation. A. oryzae was grown on agar plates (malt extract, 3%; polypeptone, 0.5%; agar, 1.5%) at 28°C. Spores (2 to 4 weeks old) from agar plates were suspended in water such that final transmittance was 25% at 660 nm. Five milliliters of the spore suspension was transferred to 100 ml of the culture medium (pH 3.0) in a Sakaguchi flask containing 4.0 g of glucose, 1.5 g of corn steep liquor, 1.0 g of meat extract, 1.0 g of Hyflo Super-Cel, and 5 mg of disfoaming agent (CB442) and incubated at 28°C for 65 h on a reciprocal shaker at 115 rpm.
MATERIALS AND METHODS

Materials
Enzyme assays. Acid protease was assayed by a modified Anson's method (1), as described previously (24) , unless otherwise mentioned. One unit of acid protease activity was defined as the amount of enzyme that developed the color equivalent to 1 ,umol of tyrosine per min under standard conditions. Trypsinogen-kinase activity was determined by the method of Kunitz (15) , with the modification given by Hofmann and Shaw (11) .
Isoelectric focusing. Electrofocusing experiments were performed on a column (LKB 8101, 110-ml capacity) containing 1% ampholine, with a pH range of 3 to 6. Focusing was carried out for 48 h. For cooling purposes, ice-cold tap water (about 4°C) was continuously circulated through the column mantle. After focusing, the column was drained, and the eluent was collected in fractions, which were analyzed for pH, protein, and acid protease activity.
Discontinuous gel electrophoresis. Gel electrophoresis was performed according to Davis (5) (17) . Purification of acid protease. All steps described below were carried out at 4°C, unless otherwise mentioned.
To the culture filtrate (7.5 liters, from 100 flasks), 82.5 g of tannic acid (powder) were added with stirring at 20°C. The mixture was adjusted to pH 5.0 by adding 1 N NaOH solution. The resultant precipitate was collected by centrifugation and then dissolved in 120 ml of sodium acetate buffer, pH 4.0. To this solution was slowly added 240 ml of cold acetone (-20°C), with gentle stirring. After 30 min, the precipitate was collected by centrifugation, dissolved in 130 ml of 50 mM sodium acetate buffer, pH 4.0, and then dialyzed four times against 3 liters of the same buffer. The precipitate formed was removed by filtration through a filter paper.
The filtrate obtained above (130 ml) was applied to a Duolite A-2 column (3.5 by 40 cm), previously equilibrated with 50 mM sodium acetate buffer, pH 4 .0. Elution was performed with 500 ml of the same buffer, followed by 1,200 ml of 0.3 M sodium citrate buffer, pH 4.0, at 200 ml/h, and 20-ml fractions were collected. The active fractions (560 ml) were pooled and concentrated to 3.5 ml with a ultrafilter (Bioengineering Co., Tokyo). The concentrated solution was dialyzed three times against 500 ml of 50 mM sodium acetate buffer, pH 5.2, and then applied to a Sephadex G-100 column (2 by 95 cm) previously equilibrated with the same buffer. The column was then developed with the same buffer. As shown in Fig. 1 , acid protease activity was separated into four major peaks, which were separately collected and designated acid proteases E,, Ela, Elb, and E2 (brackets in Fig. 1 ), respectively. Each of the fractions thus obtained was submitted to further purification by gel filtration on a Sephadex G-100 column under the same conditions as described in Fig. 1 , and active fractions were collected, which were used for further studies described below.
The purification procedure is summarized in Table 1. The overall purification was 115-to 137-fold, with a recovery of 21.9% of the starting enzyme activity. The specific activity of the purified enzyme fractions ranged from 620 (U per mg of protein) for E, to 740 U for E2-Acid proteases A, and A2 were isolated from Takadiastase (Sankyo Co., Ltd., Tokyo) as described previously (24) .
RESULTS
Microheterogeneity. Extracellular acid protease ofA. oryzae grown on liquid media can be separated into at least four molecular forms, as shown in Fig. 1 . The molecular weight of the four peak fractions (E,, El, Elb, and E2) ranged from 60,000 to 42,000, as determined from the elution profiles shown in Fig. 1 . The heaviest form, E1, had a molecular weight of 60,000, a value that was similar to that of acid protease A1, which contained approximately 50% carbohydrate (24) , but a molecular form corresponding to acid protease A2, having a molecular weight of 32,000, was not present. Thus, even the lightest form, E2, had a molecular weight higher than that of acid protease A2. Similar multiple forms having molecular weights ranging from 42,000 to 60,000 were always observed on gel filtration at varying times in the growth cycle of A . oryzae.
The isoelectric focusing of these four enzyme species is shown in Fig. 2 least four active peaks with isoelectric points ranging from 3.78 to 4.33 ( Fig. 2A) . A heterogeneous population of enzyme molecules was also obtained by isoelectric focusing of the second form, E1, (Fig. 2B) . Predominant was an active peak with an isoelectric point of 3.69. The other two enzyme species, Elb and E2, were essentially homogeneous and yielded single peaks with an isoelectric points of 3.98 and 3.92, respectively ( Fig. 2C and D) . These values were very similar to that of acid protease A2 (3.90) (24) . However, none of these four enzyme species contained a peak corresponding to either of two acid proteases, Ala and Alb. These results indicated that A. oryzae acid protease, when (Fig. 3) . The fraction E2, giving a single sharp band, migrated as fast as acid protease A2, and the migrating rate of fraction E1 was approximately the same as that of acid protease A,. The carbohydrate portion contained in these isoenzymes (see below) migrated together with protein through discontinuous gel electrophoresis, as judged from the periodate-fuchsin staining of duplicate gels. Catalytic properties. The purified four protease forms had an optimum pH of 3.0 with cytochrome c as substrate and 4.2 with ureadenatured bovine hemoglobin. The results obtained with two isoenzymes, E1 and E2, are shown in Fig. 4 , which indicated that both fractions gave the same pH activity pattern.
As demonstrated with some acid proteases of fungal origin (23), the four acid protease species were found to activate bovine pancreatic trypsinogen at pH 3.4. The amounts (nanomoles) of trypsinogen activated per unit of enzyme (at 360C for 10 min), which were determined by the method of Hofmann and Shaw (11), were 9.4 for E1, 10.5 for Ela, 12.2 for Elb, and 10.6 for E2.
These values are similar to those obtained with acid protease A1 and A2 (24) .
The four isoenzymes were not inhibited by pchloromercuribenzoate, ethylenediaminetetraacetate, and monoiodoacetate when the enzymes were preincubated with each agent at a concentration of 3.3 mM for 15 min at 370C, and the residual activity was determined (final concentration of the respective inhibitors was 1.0 mM). Under the same conditions, no inhibition was observed with diisopropylfluorophosphate, e-aminocaproate, and N-bromo-succinimide (3.3 mM at preincubation and 1.0 mM at enzyme assay). These protease forms were not inhibited by soybean trypsin inhibitor at a concentration of 0.1 mg/ml. However, as reported for some fungal acid proteases (2, 7, 12, 18, 22) , all four isoenzymes were completely inactivated upon preincubation with 3.3 mM sodium dodecyl sulfonate for 10 min at 370C.
Chemical and physical properties. The molecular weights of the four isoenzymes, E1, Eia, Elb, and E2, determined by both gel filtration and sodium dodecyl sulfate gel electrophoresis, are given in Table 2 . Values obtained by the former method were slightly lower for all fractions than those obtained by the latter method. That the molecular weights of all the four isoenzymes were higher than that of the carbohydrate-free acid protease A2 (32,000) suggested that they were all present in association with carbohydrate; carbohydrate content ranged from 18.9% for E2 to 43.0% for E1 ( Table 2 , which was rather similar to that of acid protease A2.
For the determination of sugar composition, polysaccharide-containing fractions obtained from Pronase digest of enzyme samples were hydrolyzed with acid and then run through the Technicon Autoanalyzer. As shown in Table 2 , all four isoenzymes were found to contain three hexoses, glucose, galactose, and mannose; no Fig. 5 . When heated at 55°C for 10 min in 50 mM sodium acetate buffer, pH 5.0, acid protease El retained more than 95% of its original activity, whereas E2 lost approximately 50% of its activity. As reported previously (24) , the carbohydrate-free acid protease A2 lost approximately 95% of its original activity under the same conditions; thus, it is more heat sensitive than fraction E2. The two isoenzymes, El, and Elb, showed essentially the same heat stability asthat of E, under these conditions (data not shown). The four isoenzymes were stable when kept at pH values between 3 and 6, but were unstable and inactivated at pH values both below 2.5 and above 6.5. Thus, when kept at 370C for 60 min in 10 mM sodium citrate buffer, pH 2.0 for 7.0, the isoenzymes lost all of their original activity.
The amino acid composition of the acid proteases El, Ela, Elb, and E2 is shown in out with rabbit antiserum against the carbohydrate-free acid protease A2 (Fig. 6) . The four molecular forms reacted with this antiserum, and both E1 and E2 formed a continuous precipitin band with acid protease A2, suggesting a fairly high degree of similarity between these two groups ofA. oryzae acid protease.
Structure and properties of polysaccharide portion. The chemical analysis of the carbohydrate portion of acid proteases E1 and E2 was carried out by the method described previously (Y. Tsujita and A. Endo, in press). Fractionation of the Pronase digests of these two isoenzymes by gel filtration on Sephadex G-100 is shown in Fig. 7 . A minimum of six carbohydrate-containing peaks was obtained from fraction El, all of which were polysaccharide in nature, as judged from elution pattern. Under the same conditions, acid protease E2 gave four carbohydrate-containing peaks of a polysaccharide nature. The peak fractions I to X were pooled and subjected to further chemical analy- For detection and analysis of amino acids and hexosamines, samples of 0.5 to 1.0 mg of carbohydrate were hydrolyzed with 6 N HCI at 110HC for 24 h and assayed in the amino acid analyzer.
No amino acids and no hexosamines were detectable in the 10 polysaccharide fractions, I to X. Hexosamine content of these 10 polysaccharide fractions, which was determined by a mod-VOL. 130, 1977 ) I Abbreviations: A,, Acid protease A,; A2, acid protease A,; E,, acid protease E, Ela, acid protease E,, Elb, acid protease E,b; E2, acid protease E2, NS, normal rabbit serum; AA2, rabbit antiserum to acid protease A2.
ification of Elson-Morgan's method (8) , was less than 0.5 hexosamine residue (as glucosamine) per 150 gg of carbohydrate. As calculated from the data in Table 2 , the monomeric form of the carbohydrate portion of proteases E, and E2 should not have a molecular weight greater than 29,000. The number of respective amino acid and hexosamine residues, which related to a weight of 29,000, was calculated to be less than one residue per 29,000.
For the determination of sugar composition of polysaccharide fractions I to X, 30-to 100-,g samples of carbohydrate were hydrolyzed with 1 N HCI for 180 min at 100°C and then summarized in Table 4 . Peaks II and VI contained only galactose, whereas peak IV was composed of mannose alone. These results indicated that the polysaccharides associated with acid protease E, were present, at least partly, as two homopolysaccharides, galactan and mannan. The rest of the polysaccharide peaks obtained from two acid proteases contained either two or three hexoses. DISCUSSION Extracellular acid protease of A. oryzae, grown on liquid media, has been isolated and characterized, with particular emphasis on the relationship between multiple molecular forms and the heterogeneous polysaccharide chains noncovalently associated with the enzyme. The purified acid protease is microheterogeneous with regard to both molecular size and isoelectric property. The enzyme can be separated into four major fractions, designated E,, Ela, Elb and E2, by gel filtration on Sephadex G-100.
The specific activity of these four isoenzymes is approximately the same and is similar to that of acid protease A, (24) , which contains approximately 50% carbohydrate, but slightly lower than that of the light, carbohydrate-free acid protease A2. The continuous spectrum of molecular forms shown in this paper is characteristic of the extracellular acid protease produced on liquid culture but is not observed with the acid protease produced on solid bran culture, which can be separated into two distinct isoenzymes, A, and A2 (24) .
All of these four isoenzymes have the same catalytic properties. Thus, the optimum pH with cytochrome c and with urea-denatured bovine hemoglobin as substrate is 3.0 and 4.8, respectively, for all four isoenzymes, all of which activate bovine pancreatic trypsinogen at pH 3.4 . That these molecular forms are sensitive to a low concentration of sodium dodecyl sulfonate is a common phenomenon seen with acid proteases of fungal origin (2, 7, 12, 18, 22 Endo, in press), are not detectable in either isoenzymes E, or E2. Furthermore, in contrast to the case of acid protease Al, at least a portion of the polysaccharide associated with acid protease E, is present as homopolymers such as mannan and galactan. These data indicate that the polysaccharides bound to A. oryzae acid protease vary in both chemical and physical properties with different physiological conditions, according to where the enzyme is produced.
The amino acid composition of the four acid protease forms is the same, within the limits of experimental error, and is very similar to that of acid proteases A1 and A2 (Table 3 and reference 24) . In addition, all of them react immunologically with the rabbit antiserum against the carbohydrate-free acid protease A2, indicating that the protein portion of A. oryzae acid proteases produced under different conditions is the same regardless of the properties of the bound polysaccharides.
In view of the results in this report, we con- 
